Programmed cell death involving lysosomal membrane permeabilization (LMP) is an alternative cell death pathway induced under various cellular conditions and by numerous cytotoxic stimuli. The method presented here to quantify LMP takes advantage of the detergent digitonin, which creates pores in cellular membranes by replacing cholesterol. The difference in cholesterol content between the plasma membrane (high) and lysosomal membrane (low) allows titration of digitonin to a concentration that permeabilizes the plasma membrane but leaves lysosomal membranes intact. The extent of LMP is determined by measuring the cytosolic activity of lysosomal hydrolases (e.g., cysteine cathepsins) and/or β-N-acetyl-glucosaminidase in the digitonin-extracted cytoplasm and comparing it to the total cellular enzyme activity. Digitonin extraction of the cytosol can be combined with precipitation of protein and/or western blot analysis for detection of lysosomal proteins (e.g., cathepsins).
may differ for other cell lines and should be determined empirically. For example, immortalized mouse embryonic fibroblasts (MEFs) are processed as follows: 10 min extraction, lifting frequency 110/min, digitonin concentration 17 µg/mL (Gyrd-Hansen et al. 2006 ).
Cytotoxic agent (compound or siRNA) for induction of LMP Digitonin extraction (DE) buffer, freshly prepared <R>
For digitonin optimization ( Step 2) and subsequent measurement of LMP (Step 10), prepare 200 µL of DE buffer per well (plus an additional 20 µL to adjust for pipetting loss). (This volume can be scaled up accordingly for larger well formats [e.g., six-well plates].)
Digitonin stocks (5 and 50 mg/mL in H 2 O)
Digitonin usually precipitates and must be redissolved by heating and occasional vortexing. Immediately before use ( Step 2), heat the digitonin stocks to 75˚C for 5-10 min to dissolve any precipitates.
HCl (1 M The following procedure is necessary to determine the optimal digitonin concentration for permeabilization of the plasma membrane with minimal impact on the lysosomal membrane. LDH activities in the extracts are used as internal standards to which the lysosomal hydrolase activities are normalized. The procedure takes 1 h and must be performed for each cell line separately. It should be performed regularly, as reagents (e.g., digitonin stocks) and cellular conditions may change over time.
Note that the ability of digitonin to permeabilize cellular membranes depends not only on digitonin concentration but also on the total amount of digitonin per cell; thus, the volume of DE buffer per cell should remain constant.
1. Seed 5 × 10 4 cells/well in a 24-well plate and allow to adhere overnight in an incubator.
At least 12 wells should be used for the optimization.
LMP can also be measured in nonadherent cells; in this case, it is advantageous to scale down the cell number and seed cells in 96-well rather than 24-well plates to prevent cells from floating.
2. On the next day (immediately before use), prepare the following 12 dilutions of digitonin in DE buffer: 0, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50 , and 200 µg/mL digitonin.
A digitonin solution of 200 µg/mL is used for total/complete permeabilization of cells.
3. Place the plate on ice and begin the extraction as follows:
i. Working with sets of six wells at a time, remove the medium from each well using a vacuum suction pump. (If using nonadherent cells, carefully aspirate the medium from the wells and leave 20 µL of medium on the cells.)
Wells should be processed six at a time to prevent the cells from drying out when medium is removed.
ii. Add 200 µL of one digitonin dilution to each well. Start a timer when digitonin is added to each set of six wells.
The digitonin solution should be added to the side of the well to avoid flushing off the attached cells.
Exact timing is critical to ensure that each well is extracted equally.
4.
Incubate the cells on ice for 15 min on a rocking table (lifting frequency 50-60/min).
5.
Transfer 180 µL of each extract into one well of a labelled 96-well plate on ice.
6. Perform the cathepsin assay as follows:
i. Mix 50 µL of extract with 50 µL of cathepsin RB in one well of a black 96-well plate.
ii. Preincubate the plate for 5 min at 30˚C in the fluorometer.
iii. Measure the kinetics of cathepsin activity (i.e., the V max of the liberation of AFC) for 20 min at 30˚C (excitation, 400 nm; emission, 489 nm; 45 sec interval).
7. During the cathepsin assay, perform the LDH assay as follows:
i. Transfer 30 µL of extract per well to a 96-well plate and equilibrate to room temperature for 5-10 min. ii. Add 30 µL of mixed LDH reagent to each well and allow the reaction to run for 2-10 min.
Stop each reaction with 20 µL of 1 M HCl.
Make sure all samples have equal reaction time before ending the reaction, typically when the samples with highest LDH content are medium to intense red.
iii. Assay LDH activity by measuring the optical density (OD) 490 nm (OD 490 ) in an absorbance plate reader.
8.
To determine the optimal digitonin concentration for cytosolic extraction, graph and compare the cathepsin release and LDH raw values ( Fig. 1 ).
The concentration that produces the best possible permeabilizion of the plasma membrane (LDH release) with minimal cathepsin release from the lysosomes is optimal.
Measuring LMP
In the following procedure, the level of LMP in response to a given treatment is measured by digitonin extraction of the cytoplasmic fraction followed by hydrolase and/or NAG activity measurements. Measurement of LMP by digitonin extraction takes 2-3 h for two 24-well plates.
9. For each cellular condition (e.g., treatment with siRNA or cytotoxic compound), seed cells in triplicate wells of a 24-well plate. Seed parallel triplicate wells for total cellular cathepsin measurements ( Fig. 2A ).
Seed 50,000 cell/well in a 24-well plate.
Determine optimal digitonin conc. for cytosolic extraction Enzyme activity (a.u.) FIGURE 1. Example of optimization experiment used to determine the digitonin concentration to be used for cytoplasmic extraction of MCF-7. Cells (5 × 10 4 per well) were extracted for 15 min on a rocking table (lifting frequency 50-60/min) with the indicated digitonin concentrations. The level of plasma membrane permeabilization (LDH activity) and lysosome permeabilization (cathepsin activity) were measured. Cells were completely permeabilized at 200 μg/mL digitonin (total). A digitonin concentration that only permeabilizes the plasma membrane and leaves lysosomes intact is ideal. Here, 15-18 μg/mL is optimal for MCF-7 cells.
Cells should be seeded at a density that will on the day of analysis result in the density used in the digitonin optimization experiment (e.g., 5 × 10 4 cells).
10.
On the day of analysis (immediately before use), prepare digitonin solutions in DE buffer for cytoplasmic extraction (using the optimal concentration obtained in Step 8) and total cell extraction.
In our laboratory, we use digitonin solutions of 17 µg/mL and 200 µg/mL, respectively, for cytoplasmic and total cell extractions in MEF. See Figure 1 , for example, using MCF-7 cells.
11. Place the plate on ice and begin the digitonin extraction as described in Step 3. Mark the time of digitonin addition on the plate lid for each set of six wells.
Swift pipetting is necessary to avoid too much variation among wells.
12. Incubate the plate on ice for 15 min on a rocking table (lifting frequency 50-60/min).
The optimal time and lifting frequency may vary between cell lines.
13. Transfer 180 µL of each extract into one well of a labelled 96-well plate on ice.
The cytoplasmic/total extracts can now be used to measure lysosomal cysteine cathepsin, NAG, LDH, and caspase 3-like activities.
A B C
Seed cells on a 24-well plate.
Extract cytosol and whole cells (total) with digitonin.
Measure cathepsin/NAG and LDH activity in cytosolic/total cell fractions.
Treat cells with desired cytotoxic stimuli.
Analyze the data. Normalize cathepsin/ NAG activity to LDH activity. Calculate % release by relating cytosolic cathepsin/ NAG to total activity. 14. Perform cathepsin and caspase-3 assays as follows:
2-3 h
i. Mix 50 µL of extract with 50 µL of cathepsin RB per well in a black 96-well plate.
ii. (Optional) Mix 50 µL of extract with 50 µL of caspase RB per well in the same black 96-well plate. iii. Preincubate the plate for 5 min at 30˚C in the fluorometer. iv. Measure as described in Step 6.iii.
Cathepsin (and caspase) activity in cytosolic and total extracts is calculated as the average rate (slope of the curve; fluorescence units/sec).
Measure lysosomal NAG release as follows:
i. Mix 30 µL of extract with 100 µL of NAG RB per well in a black 96-well plate.
ii. Preincubate the plate for 3-5 min at 30˚C in the fluorometer.
iii. Measure the liberation of methylumbelliferone for 20 min at 30˚C (excitation, 356 nm; emission, 444 nm; 45 sec interval).
NAG activity in extracts is calculated as the average rate (slope of the curve; fluorescence units/sec).
16. Perform the LDH assay for each well as described in Step 7.
If the treatment of the cells alters the cellular LDH activity, hydrolase activities can be normalized to total protein content using a commercial kit designed for this purpose.
Data Analysis 17. Normalize each lysosomal hydrolase/NAG value to the corresponding LDH value from the same well ( Fig. 2A) .
See Troubleshooting.
18. Calculate the mean values of the triplicate measurements for cytoplasmic and total protease levels ( Fig. 2A) . 19. Calculate the percentage of released enzyme activity by relating the LDH-corrected cytoplasmic activity of the lysosomal hydrolase/NAG measured for each well with the mean value from triplicate samples for corresponding total cellular activity of the hydrolase/NAG (Fig. 2B,C) .
TROUBLESHOOTING

Problem (
Step 17): Digitonin overextraction results in high cathepsin/NAG background levels (>10%). Solution: This is a common difficulty associated with LMP measurements and can be adjusted by further fine-tuning the digitonin extraction (e.g., by using a narrower range of digitonin concentrations during optimization to determine an optimal lower concentration). In addition, cell density is critical to achieving the best digitonin:cell ratio for cytoplasmic extraction; this can be optimized by keeping the digitonin concentration constant and varying the cell density. Finally, optimization of extraction time may be helpful with some cell types. Groth-Pedersen et al. 2015] ).
RELATED TECHNIQUES
When using treatments that influence cellular cholesterol content or have detergent-like properties (e.g., cationic amphiphilic drugs), the above method must be used with care, as such treatments may interfere with the digitonin extraction procedure. In these cases, alternative approaches should be used to estimate LMP; see Protocol: Visualizing Lysosomal Membrane Permeabilization by Fluorescent Dextran Release (Ellegaard et al. 2015) 
